The influence of indium percentage on dynamical characteristics of 
INTRODUCTION
Study of semiconductor structures enables to control their parameters such as energy levels, energy gap, and the band structures. Engineering these factors leads to novel high-performance devices such as many types of lasers, each of which being suitable for a special application. Semiconductor nanostructures include quantum wells (QWs), quantum wires (QWRs), and quantum dots (QDs) in which carriers are restricted to one, two, or three dimensions respectively. Quantum confined semiconductor nanostructures have been the focus of many researches due to their optical and electronic properties arising from quantum confinement of electrons and holes [1] [2] [3] [4] . In semiconductor quantum dots, carriers are restricted to a three-dimensional space smaller than de Broglie wavelength. This confinement arises if band gap of the surrounded nanomaterial is less than that of the surrounding semiconductor [5] . Progress in the fabrication of QD-lasers has recently attracted a huge attention to the application of quantum systems in optoelectronics [6] [7] [8] [9] .
InAs based QDLs are the most peculiar cases in the local area networks, because of the inherent low threshold current, enhanced modulation speed, and temperature stability [10, 11] . Many research groups attempt to optimize QDLs [6, [12] [13] [14] [15] [16] . By changing the compositions, QDs can be engineered, and finding a way to enhance the efficiency of QDLs can be helpful. Many scientists are interested in 1− /GaAs QD laser devices due to their interesting and applicable features [4, 12, 13, 17, 18] .
It is shown that variation of materials percentages in epitaxial growth of QDs affects on both QD size and density, which directly changes the e-h recombination energies [19] [20] [21] [22] . Some theoretical and experimental works elaborated to find the relationship between QD size and mismatch of the QD with the substrate [23, 24] . Despite the relevance of quantum dot features and the result in lasing, there is in the literature a lack of simulations elaborating to find a way to connect the parameters of the structure of QD with the final laser properties. Most of the investigations conducted in this field have focused on only one of energy level change by indium content or lasing process, and they have not investigated the direct effect of stoichiometric percentage on lasing, and hardly a paper can be seen studying the stoichiometry effect in laser applications. Indium percentages of 0.4 and 0.5 have been used in laser devices [25] [26] [27] . Strain leads to formation of different size of QDs. However, while changing the indium percentage, we assume the QD size to remain fixed, since the change of indium percentage is restricted to a narrow interval, i.e., 40% to 60% which does not make a remarkable change on QD size.
To date, many quantum solutions of Schrödinger equation are introduced, among which k.p approach with 8 × 8 matrix is a good approximation [28, 29] . Mismatch between the lattice constants of substrate and formed QD is dependent to substrate index [30] . We supposed the QDs to grow on (001) index of substrate.
The rest of this article is organized as follows; section II is devoted to numerical calculation of QD energy levels and their behavior in different indium contents by k.p model; in section III-A our model for laser dynamics is introduced, and the results are discussed in III-B; eventually, we make a conclusion in section IV.
II. ENERGY LEVEL ENGINEERING
In this research a truncated cone-shape QD is studied. The eight-band k.p approach was employed to solve the Schrödinger equation. Minimized strain is taken into account and the Dirichlet boundary condition for the electrostatic potential is considered. For a better performance of the simulation, a wide region is solved semi-classical but inside the dot the solution is performed with quantum mechanical approach [31] . near the value ratio taken in the experimental work in [25] ), and a wetting layer of thickness 1.2nm grown on the (001) surface of GaAs. Temperature is assumed to be = 300 . The parameters related to the bulk materials applied in this paper are presented in Table 1 [ [32] [33] [34] .
Parameters used GaAs InAs
Band gap (0K) 
Effective electron mass [36] :
Effective heavy hole mass [37] :
In Figs. 2(a)-2(c) snapshots of conduction (Γ) and valence (Heavy-Hole (HH)) band-edges are depicted as a function of distance in z-direction for different ratios of indium content; also, three first energy states for electrons and holes are inserted too. Dimensional confinement, as it is seen, has separated the energy bands to atomic-like levels. Inclusion of more amount of indium, as it is observed by comparison of 2(a-c), has lead to closer electron-hole levels and smaller energy gap. Ground State (GS), and the Excited States (i.e., 1 and 2 ) as well as the relating values of stimulated recombination energies are schematically included to the figures which are changed by indium percentage.
Energy gap in T=300K for bulk InAs and GaAs are respectively 0.36eV and 1.43eV [38] . It has been shown that energy gap of 1− is sensitive to the indium concentration too. The band gap here gets narrower by increase of indium content. For bulk materials, it is reported in reference [39] 
which shows a reduction in the band-gap by increase of indium content; Similarly, our figure show that band-gap, which is the difference of conduction band minimum and valence band maximum is reduced while indium percentage is enhanced. 
III. LASING PROCESS

III-A. Theoretical model
Schematic energy diagram of a three-level QD laser with GS, 1 , 2 , and WL levels is illustrated in Fig. 3 . Current pumped into the device is captured from WL into the QD's higher level 2 and can also relax into lower levels or directly recombine with holes and emit photons via stimulated emission. Recombination can happen thus from all three discrete levels. Each of capture, escape, relaxation or recombination with holes takes a while. The time is dependent on the probability of occupation of origin and destination levels, requirements of Pauli Exclusion Principle, phonon bottleneck effect, etc; all the times are very short (~ps-ns) [40] . By taking into account all the transitions shown in the figure, and considering the homogeneous and inhomogeneous broadening, and nonlinear gain, the rate equations can be written as follow: 
in which and respectively denote the number of carriers and photons in level i. is the spontaneous recombination time, is the photon lifetime into cavity [18] , 0 − 2 is the initial capture time to 2 , and 0 2 − 1 0 1 − are initial relaxation times respectively to 2 and GS. Also, 
We suppose these factors to be fixed when indium percentage change is infinitesimal. is the spontaneous emission factor, is the injection efficiency, Γ is the optical confinement factor, and is group velocity into the cavity. = / is the occupation probability function in level with degeneracy and as the total number of QDs in the active region; is defined as the gain compression factor of level 
and gain factor = Γ hom in which Γ ℎ is the homogeneous broadening factor. Also, Here, and denote respectively the carrier and photon numbers in energy level . These seven coupled differential equations have been solved simultaneously by the Runge-Kutta (IV) approach to achieve the lasing behavior by time. The values used in this paper are given in Table 2 .
Description
Symbol Value (in SI)
Carrier injection rate . Optical confinement factor . Spontaneous emission coupling factor 
III-B. Results and discussions on lasing
Here the dot density is taken fixed when indium percentage varies. Fig. 4(a) shows the GS photon number in terms of time at I=7mA. As it is seen, after a turn-on delay, relaxation oscillations start which settle down to a stable radiation. The turn-on delay sounds to be small for higher amounts of indium content. This can be interpreted as result of the time required for injected carriers to distribute in the active region, relax to the GS level, and recombine with holes [12] . The difference in the turn-on delay of QDs with various amounts of indium can be explained by the fact that the energy difference between barrier and the QD energy levels is less for more indium content. Moreover, as it can be seen, amplitude of relaxation oscillations increases when indium percentage is high. In addition, photon number in stable conditions is a bit less in less indium percentage.
Also, in Figs 4(b) and 4(c) photon number is shown respectively for lasing from 1 and 2 . These levels have energy of more than GS, and thus more current is needed for lasing from 1 and 2 , since firstly lower levels use the current for lasing. The threshold current was found to be ~0.75 A for 1 and ~5.25 A for 2 . As it is seen, general behavior of stable photon numbers, turn-on delay, and amplitude of relaxation oscillations contradicts with GS ones; by indium increase, turn-on delay, amplitude of relaxation oscillations, and number of photons in the steady state increase. This is inversely true for ES levels. [10, 42] under different ratios of indium content calculated for GS, 1 and 2 . Here a small pulse signal stimulates the laser; It is seen that larger ratio of indium in the QD leads to larger 3dB modulation bandwidth in GS, but this is inverse for ES levels. Output power from level is calculated as follows:
where R is reflectivity index, is the light speed, is the cavity length, and is cavity refractive index. This parameter is plotted in stable lasing versus current in Fig. 6 for GS, 1 and 2 for three different indium amounts. As it is seen, threshold current is independent of indium percentage, and this is true for all levels. Moreover, power is greater for QDs with less indium amount. Optical gain of level is as follows:
which is represented in Figures 7(a)-6 (c) as a function of injected current for all energy states. As it is observed, change of indium content has no remarkable effect on the laser gain.
(a) (b) (c) Fig. 7 : Optical gain versus injected current at the stable lasing for (a) GS, (b) 1 , and (c) 2 . Fig. 8 exhibits also the dependence of output power to cavity length. As it is seen, injected current is 0.1, 2 and 15 A respectively for GS, 1 , and 2 . As it is seen, a peak is observed at all figures, showing a maximum power for a special cavity length. This optimized cavity length and the related output power were found to be strongly sensitive to the injected current. However, as it is seen, change of indium percentage is not a determinant, as it only changes the value of maximum power. 
IV. CONCLUSION
We surveyed the influence of indium percentage on laser properties in InxGa1-xAs/GaAs(001) lasers. Energy levels of truncated-cone-shape QDs were calculated by k.p model. Then, by introducing a threelevel model, laser outputs were examined. Our findings indicate that inclusion of more indium leads to reduction of energy gap and e-h recombination energy. In addition, laser output for both GS and ES levels was dependent on indium percentage. It was shown that indium percentage increase at fixed injected current results in the increased GS photon number, ES turn-on delay, and GS 3dB modulation bandwidth and decreased GS turn-on delay, ES photon number, amplitude of relaxation oscillations, output power, and ES 3dB modulation bandwidth; but has no effect on threshold current and laser gain. At last, we found an optimized cavity length which was likely to be independent of indium percentage.
